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FOREWORD 
This semi-annual r e p o r t  deals with t h e  a c t i v i t i e s  i n  the  
f i e l d s  of microwave evaluation of sea su r face  temperatures and 
of 1 0  emis s iv i t i e s .  Included i s  a s h o r t  paper submitted for 
publicat ion t o  t h e  Journal  of Geophysical Research. 
our a c t i v i t i e s  i s  contained i n  t h e  Doctoral Thesis of William 
Kreiss, e n t i t l e d  "Meteorological Observations with Passive 
Microwave Systems," a l s o  ava i l ab le  as BSRL document Dl - 82 - 
0692 from Boeing S c i e n t i f i c  Research Laboratories i n  S e a t t l e  
A p a r t  of 
Konrad J. K. Buettner 
14 June 1968 
I f 
Discussion of paper by S .  F. Singer  and G.  F. Williams, Jr. 
"Microwave de tec t ion  o f  p r e c i p i t a t i o n  over t h e  su r face  o f  
t h e  ocean." 
pher ic  Sciences,  University of Washington, S e a t t l e ,  Washing- 
ton  98105 and W i l l i a m  T.  Kre iss ,  Boeing S c i e n t i f i c  Re- 
search  Laboratories, S e a t t l e ,  Washington 98124. 
Konrad J. K .  BuettRer, Department of Atmos- 
Early analyses  of microwave s i g n a l s  from a ra in ing  cloud [Buet- 
t n e r  1963, and Buettner i n  Kellogg, Buettner and May 19641 showed t h a t  
r a i n  emission could poss ib ly  be d i f f e r e n t i a t e d  from ocean emission. 
Emissivi ty  was determined from measured a t t enua t ion  and its subdiv is ion  
i n  absorpt ion and s c a t t e r i n g .  
j i a n ' s  C19601 use of a Mie - theory ca l cu la t ion .  
h ighly  r e f l e c t i v e  t h e  mul t ip le  r a y  passes  have t o  be taken i n t o  ac- 
count ,  as shown i n  f i g .  1 4  of Kellogg e t  a1 C19641. 
This subdivis ion was based on Deirmend- 
Since t h e  ocean is 
I t  was a l s o  s t a t e d  
[Buettner 19631 t h a t :  "very dense non-raining clouds have similar, bu t  
smaller effect, whereas water  i n  t h e  form of ice ,  dus t ,  haze,  vapor and 
l i g h t  clouds has l i t t l e  inf luence .'! 
These lat ter es t imates  have been evaluated i n  d e t a i l  by Kreiss 
c19681 c a l c u l a t i n g  t h e  absorpt ion and emission by water vapor, and by 
water d rop le t s  of c e r t a i n  sizes;  
ing" grQund t o  sky,  =mr! sztel l i te  t o  ground, the g r m n d  being land  or 
sea. These ca l cu la t ions  show a d e f i n i t e  e f f e c t  of cloud d r o p l e t s  and 
water vapor down t o  frequencies of 1 5  gHz. 
mental ly  confirmed by a radiometer ground t o  sky i n  S e a t t l e  and one air- 
p lane  t o  ocean from f l i g h t  data  of Catoe, Nordberg, Thaddeus and Ling 
C19671, a l l  tes ts  being made near 19 gHz. 
t h i s  ca l cu la t ion  was made for'lsee- 
The r e s u l t s  were experi-  
I t  seems the re fo re  j u s t i f i e d  t o  apply Kreiss' ca l cu la t ions  t o  
t h e  a i r p l a n e  measurement of Singer and Williams [1968]. 
a 15.8 gHz radiometer looking nadirwards, a br ightness  temperature for 
c loudfree  ocean of 150°K and over a shower 200OK. This d i f f e rence  of 
50°K could be r a i n ,  as Singer  and Villiams claim. 
a cloud of , e .g., 2384 m l aye r  th ickness  and about 1.0 gm m-3 of l iq- 
u i d  water content  as shown i n  f i g .  5.23 of K r e i s s .  From f i g .  4 of 
S inger  and williams it appears t h a t  t h e  effects of both r a i n  and 
clouds are evident .  
t o  t h e  h ighes t  temperatures of approximately 21OoK, but  it is noted 
They f i n d  with 
But it is more l i k e l y  
The core  o f  t h e  shower could probably correspond 
- 2- 
t h a t  t h e  temperature a t  t h e  end of t h e  da t a  run are about 15OK higher  
than those  a t  t h e  start.  We bel ieve  t h a t  t h e  clouds play an important 
role  here  and complicate t h e  i n t e r p r e t a t i o n  of t h e  measured br ightness  
temperatures i n  terms of r a i n  r a t e  without more support ing information. 
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UICROWAVE REPORT 
Progress i n  t h e  microwave region of t h e  spectrum has been concen- 
t r a t e d  i n  t h e  appl ica t ion  of t h e  i n t eg ra t ed  equations of  r a d i a t i v e  t r ans -  
fer t o  t h e  ana lys i s  of da ta  from t h e  NASA Convair 990 f l i g h t s  of May 
5 through June 8 ,  1967. 
water por t ions  of t h e  f l i g h t  and wi th  cloud-free atmospheres. 
Work so far has been concerned with t h e  over- 
Assuming a ho r i zon ta l ly  s t r a t i f i e d  atmosphere, t h e  t r ansmiss iv i ty  
of t h e  atmosphere decreases w i t h  increasing zeni th  angle because of t h e  
increase  i n  path length according t o  t h e  r e l a t i o n s h i p  
where a is  t h e  v e r t i c a l  a t tenuat ion .  Now f o r  cloud-free condi t ions ,  
w e  can neglec t  r e f l e c t i o n ,  and the emiss iv i ty  of t h e  atmosphere is  given 
by E = 1~~ or, e = 1 - exp(- aosec4) 
for hor izonta l  and v e r t i c a l  po la r i za t ion  can be wr i t t en  as 
Ta = eXP(-aO set$) 
0 
a a 
Now assuming a smooth specular  r e f l e c t i n g  su r face ,  t h e  emiss iv i ty  
E,,($) = 1 - 1R (4dI2 
E , ( $ )  = 1 - 1R w2 
where R,: ($11 and R 
hor i zon ta l  and vertical po la r i za t ion  r e spec t ive ly  a t  t h e  inc ident  angle  
and are given by 
(0) a r e  the  mesne1 r e f l e c t i o n  c o e f f i c i e n t s  f o r  -. 
(Kerr, 1965) 
In  these  equat ions e is the  r e l a t i v e  d i e l e c t r i c  constant  of t h e  water 
and has t h e  value of 59 for  sea water i n  t h i s  region of t h e  spectrum. 
Graphs of t h e  emiss iv i ty  and r e f l e c t i v i t y  f o r  both hor izonta l  and v e r t i c a l  
p o l a r i z a t i o n s  are given i n  Figures 1 and 2 .  
I 
i 
Neglecting t h e  effects of s o l a r  r a d i a t i o n ,  t h e  br ightness  tempera- 
t u r e  as seen by t h e  downward viewing radiometer is given by t h e  follow- 
ing expression,  where E ( $ )  and r ( $ )  are the  values  for  hor izonta l -  
W W 
l y  po lar ized  r a d i a t i o n ,  s ince  the radiometer was 
r a d i a t i o n .  
only responsive t o  t h i s  
+ 'aTm 
The first term is t h e  contr ibut ion from t h e  water su r face ,  t h e  second 
term is t h e  r a d i a t i o n  emitted by the  atmosphere and r e f l e c t e d  by t h e  
water and t h e  t h i r d  term is t h e  cont r ibu t ion  from t h e  atmosphei%e h c L w e e l i  
t h e  water surface and t h e  radiometer. 
ness  temperatures versus incident  angle  f o r  var ious  values  of v e r t i c a l  
t r ansmiss iv i ty  and for a smooth water su r face  is given i n  Figure 3 .  
A graph of t h e o r e t i c a l  b r igh t -  
The e f f e c t  of a rough sur face  is t o  d i s t r i b u t e  t h e  r e f l e c t e d  or 
emit ted energy away from t he  nadi r  angle ;  
g r e a t e r  is t h e  effect. 
is  t o  assume specular  r e f l e c t i o n  and then i n t e g r a t e  t h e  angular  d i s t r i -  
bu t ion  of emiss iv i ty  f o r  a smooth su r face  over t h e  d i s t r i b u t i o n  of s lopes  
of t h e  water surface. 
(i9541, rough ca l cu la t ions  have been made using t h i s  method and t h e  ef- 
fect is t o  increase  t h e  emiss iv i ty  a t  l a r g e  angles  of incidence.  
schematic diagram of the  e f f e c t  is given i n  Figure 4 ,  
values  of sea roughness. 
fo r  t h e  emis s iv i ty  is  cu r ren t ly  being worked on. 
t h e  rougher t h e  su r face  t h e  
One method of determining an e f f e c t i v e  emiss iv i ty  
Using slope d i s t r i b u t i o n s  given by Cox and Munk 
A 
f o r  increas ing  
A computer program t o  provide quan t i t i ve  values  
A t h e o r e t i c a l  s tudy of t h e  effect of var ious  sea s t a t e s  on t h e  
b r igh tness  temperatures seen with a downward viewing radiometer has been 
c a l c u l a t e d  by F .J .  Janza of Ryan Elec t ronics  and Space Systems (19681, 
and h i s  results are shown i n  Figure 5. 
the  temperatures seen a t  l a r g e  viewing angles ,  u n t i l  for  very rough seas, 
t h e  rzdinmeter sees a lms t  a cnnstant brightness texperatlme fsr t h e  
range of viewing angles .  
The n e t  e f f e c t  is t o  increase  
The curves shown i n  Figure 5 would be t h e  average values t h a t  would 
b e  observed, a c t u a l  da t a  should show v a r i a t i o n s  from poin t  t o  p o i n t ,  
depending on t h e  a c t u a l  amount of specular  r e f l e c t i o n  a t  each i n s t a n t .  
A t y p i c a l  curve showing one complete scan off t h e  coast of  Ca l i fo rn ia  
-3- 
and for  c loudless  sky conditions is  shown i n  Figure 6.  
One effect which has  been l e f t  out  of t h e  development so far has 
been t h e  inf luence  of solar r ad ia t ion .  
es t ,  t h e  sun emits l i k e  a black body a t  6000 K .  
face and t h e  radiometer looking a t  t h e  sun ' s  image on t h e  water su r face ,  
t h e  increase  i n  br ightness  temperature due t o  t h e  sun would be given by 
t h e  following equat ion,  
I n  t h e  s p e c t r a l  range of i n t e r -  
Thus f o r  a smooth sur- 
where: rJg3 5 t h e  
T = t h e  a 
r = t h e  
= t h e  
and t h e  temperature 
t h e  po la r i za t ion  of 
S 
'?b 
r e f l e c t i v i t y  of t h e  water 
t ransmiss iv i ty  of t h e  atmosphere 
r ad ius  of the  s o l a r  image i n  degrees 
rad ius  of the  antenna beam i n  degrees 
of t h e  sun has been reduced by one-half because of 
t h e  radiometer. Therefore,  using t h e  sun's diameter 
as 0.5 degrees and t h e  beam diameter as 2.7 degrees,  and a v e r t i c a l  
t r ansmiss iv i ty  of 0.9, t h e  e f f e c t  of  s o l a r  r a d i a t i o n  would increase  
t h e  br ightness  temperature by 50°K i f  t h e  sun was d i r e c t l y  overhead. 
For a rough su r face ,  t h e  s o l a r  r a d i a t i o n  would be r e f l e c t e d  over 
a v a r i e t y  ~f mglcs, decreasing the  temperat\?re from the ~aximim seen 
with a smooth sur face .  
face, an in t eg ra t ion  of t h e  s o l a r  i n t e n s i t y  over t h e  d i s t r i b u t i o n  
of s lopes  and i n  the  d i r e c t i o n  of t h e  antenna would have t o  be done. 
Rough estimates have been made using t h i s  technique and increases  of 
l O o K  t o  20°K would be expected. 
accu ra t e  r e s u l t s  is being planned a t  t h i s  t i m e .  
To ca l cu la t e  t h e  magnitudes f o r  a rough sur -  
A computer program t o  obta in  more 
Evidence t h a t  t h e s e  values are reasonable  can be seen i n  Fiqures 
7 and 8. 
coast seen a t  nad i r  viewing anqles and with a c loudless  atmosphere.;\ 
The l a r g e  v a r i a t i o n s  could be due t o  t h e  specu la r  r e f l e c t i o n  of s o l a r  
r a d i a t i o n .  
Ocean approximately s i x  minutes a p a r t .  
t h e  two curves is  t h a t  t h e  a i r c r a f t  changed course by 50 degrees and 
Figure 7 shows t h e  br ightness  temperatures o f f  t h e  Ca l i fo rn ia  
Figure 8 shows two scans taken over t h e  North P a c i f i c  
The only d i f f e rence  between 
hence i ts  d i r e c t i o n  of scan i n  r e l a t i o n  t o  t h e  sun. 
t h a t  t h e  sun has an effect which must be taken i n t o  account before  
Thus it appears 
- - - - --- --_ .- 
J. 
d. 
during Rasa Convair f l i g h t .  
I 1 
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any quant i tave values of t he  br ightness  temperatures can be obtained. 
Once t h e  effects of sea roughness on t h e  e f f e c t i v e  emissivi ty  
and the  s o l a r  r a d i a t i o n  are determined, then the  real ana lys i s  of t h e  
da ta  can begin. 
atmosphere from t h e  angular  d i s t r ibu t ion  of br ightness  temperature 
and determining t h e  effect of clouds i n  t h e  r ad ia t ion  f i e l d .  
FUTURE WORK 
That is determining t h e  water vapor content of t h e  
-
1. Determination of e f f e c t i v e  ocean emiss iv i t i e s  for var ious 
values of sur face  roughness, 
t he  method out l ined  above and then compared with t h e  da t a ,  where values 
of surface roughness could be determined from t h e  a e r i a l  photographs. 
2.  More work is needed on t h e  inf luence of s o l a r  r a d i a t i o n .  
Theoret ical  values can be determined by 
Using a computer program, t h e o r e t i c a l  values of t h e  angular d i s t r i -  
but ion of t h e  s o l a r  increase  of temperatures f o r  various e leva t ion  
angles and d i r ec t ions  of scan can be determined and then compared with 
t h e  observed da ta .  
3 .  Once t h e  e f f e c t i v e  emissivi ty  and inf luence of s o l a r  rad ia-  
t i o n  are given quan t i t i ve  values ,  t h e  determination of water vapor con- 
t e n t  of t h e  atmosphere using the  angular d i s t r i b u t i o n  of br ightness  
c m  be worked on. 
o p t i c  da ta  c l o s e s t  t o  f l i g h t  times and t r a c k .  
Ver i f i ca t ion  could be obtained by comparing t h e  syn- 
4. Another major area  of study would be t h e  inf luence of clouds 
i n  the  r a d i a t i o n  f i e l d .  Employing various models used i n  B i l l  Kreiss's 
t h e s i s  (1968) , t h e  e f f e c t  of clouds on t h e  surface br ightness  tempera- 
t u re s  can be determined. 
5 .  Further ana lys i s  of the  data over o the r  por t ions  of t h e  f l i g h t  
can be analysed. 
lakes t o  t h a t  of sea water,  emission over ice f i e l d s  and snow f i e l d s  
and t h e i r  va r i a t ion  with angle and va r i a t ions  over various types of  
land f ea tu res .  
Included i n  t h i s  would be comparison of fresh water 
, -  --" -- ........... -. ... ---- . J 
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1. Progress of t h e  Study of the  Influence of Rain on Sea Surface 
Tmne-ature and S a l i n i t y .  
During t h e  pas t  s i x  months t h e  main emphasis has been on experi-  
mental work. 
a1.1967) t h e  experimental set-up is described. 
In  t h e  Third Annual Report on t h i s  cont rac t  (Buet tner  e t  
The s a l t  water tank was placed out-of-doors during n a t u r a l  
r a i n f a l l  on seve ra l  occasions,  and t h e  temperature and s a l i n i t y  p r o f i l e s  
before ,  during and after t h e  r a i n  were observed. 
experiments w i l l  be given i n  a f i n a l  r epor t  soon t o  appear,  bu t  a f e w  
genera l iza t ions  can be made here. The frequency of l a r g e  drops,  which 
can be co r re l a t ed  with t h e  rain rate, (See f o r  ins tance  Best (1950) 
o r  Blanchard (19531.) determines t h e  depth t o  which t h e  change i n  
temperature and s a l i n i t y  w i l l  be observable.  Laboratory experiments 
with monodisperse drop size d i s t r i b u t i o n s  have a l s o  brought out  t h a t  
t h e  l a r g e r  drops a r e  much more e f f ec t ive  i n  producing v ix ing .  Th i s  is con- 
s i s t e n t  with t h e  observat ions t h a t  a r a i n  cons is t ing  of small drops 
produces t h e  l a r g e r  change i n  surface values  for t h e  same r a i n  rate. 
The d e t a i l s  o f  t h e  
* 
The experiments a l s o  show t h a t  t h e  r a i n  produced s t a b i l i t y  has  
pronounced effects on t h e  h e a t  and mass t r anspor t  near  t h e  sur face .  
Before t h e  r a i n  any surface cooling leads  t o  convection and t h e  tempera- 
t u r e  of t h e  tank remains uniform throughout, except for a cool sur face  
f i l m ,  observable with t h e  Barnes radiometer.  After a r a i n f a l l  t h e  
s t a b l e  l aye r  acts as a protecti-uTe l i d  a g a i n s t  mixing. 
a deep l a y e r  i n  which a l l  t r a n s f e r  of hea t  or mass is molecular. 
su r f ace  l a y e r  can be cool ing as well as warming without convection 
t ak ing  p lace ,  because t h e  sal ini ty  gradien t  is much more than t h e  tempera- 
t u r e  g rad ien t ,  which determines t h e  v e r t i c a l  p a d i e n t  of dens i ty :  s ince  
molecular t r a n s f e r  of h e a t  is much l a r g e r  than t h a t  of sa l t  t h e  tempera- 
There is now 
The 
+..-a- b-.= -...-=: y A ” A A & G  1 - aGj\;sts te the  miiirG;ir;iziital inf:tientzs iri a m i s t e r :  of 
hours ,  
days af ter  t h e  r a i n  has stopped. 
while t h e  s a l i n i t y  gradient  remains almost unchanged f o r  
The s a l i n i t y  grad ien t  is slowly 
t4 
F i y u r e  9 demonstrates these observat ions.  
-e= 
and S a l i n i t y .  
e'lectiv;<y ln the  Visible  as a Function of Temperature 
I n  t h e  Third Annual Xeport w e  discussed a very in t r igu ing  ?bo'-- 
grammetric p i c t u r e  obtained w i t h  t h ree  v i s i b l e  and one near  i n f r a red  
f i l t e r ,  which supposedly displayed a d i f fe rence  between a salt water 
and a r ecen t ly  ra ined  on area .  The e f f e c t  of d i l u t i o n  on r e f l e c t i v i t y  
has  s ince  been ca lcu la ted  with t h e  use of da ta  on t h e  r e f r a c t i v e  index 
of seawater of var ious  s a l i n i t i e s  given for X - 587.6 p by Defant (1961), 
and t h e  Fresnel  formula. 
t h a t  t h e  index of absorption is negl ig ib ly  small here ,  and reduces t o  
t h e  following form: 
The formula is g r e a t l y  s impl i f i ed  by t h e  fact 
2 2 2 2 a2 + s i n  + t a n  
a2 + 2asin+ t an+  + s i n  2 2  +cos + 
- a - 2a cos$ + cos + 
2 R =  a2 t 2a cos+ t cos + 
where n is index of r e f r a c t i o n , $ a n q l e  of incidence and a is defined 
through 
2 2  2 a = n  - s i n $  
Data on ( n - no 1 by Lubben (1913) given i n  Timermans Tables 
(1956 - 19601, where n is  t h e  r e f r a c t i v e  index of a sal t  so lu t ion  and 
nOis  t h a t  o f  pure water, show t h i s  quant i ty  t o  be almost constant  through- 
out  t h e  v i s i b l e  spectrum. 
least for t h e  t h r e e  f i l t e r  regions i n  t h e  v i s i b l e .  
the  author ,  if t h e r e  may be any d r a s t i c  changes i n  t h e  proRression of 
t h e  ind ices  of  refraction and absorption, when we e n t e r  t h e  near i n f r a -  
r e d .  Table I g ives  values  of  r e f l e c t i v i t y  f o r  s e l ec t ed  incidence 
ang le s  and f o r  s e v e r a l  combinations of temperature and s a l i n i t y .  
see t h a t  t h e  effect of sa l t  concentration and temperature is exceedingly 
s m a l l ,  bu t  increases  somewhat with angle.  
Therefore our c a l c u l a t i o n  should apply a t  
It is  not  known t o  
We 
Y o s t  and Wenderoth claim 
t h a t  t h e i r  color-addi t ion technique is  capable of d i f f e r e n t i a t i n g  
t h e  more conventional black and w h i t e  photogrammetric methods. 
ar t ic le  does not  descr ibe  any d e t a i l s  of  t he  p a r t i c u l a r  r a i n  shower 
t. : G - S ~  photojrsme:r ic  p i c tu re  de tec ted .  
terest t o  know t h e  dura t ion  and i n t e n s i t y  of t h e  shower, and t h e  time 
elapsed between t h e  end of t h e  r a i n  and t h e  time of t h e  photograph. 
If t h e  small change i n  r e f l e c t i v i t y  between say  a 35 p a r t s  p e r  thousand, 
2OoC saltwater sur face  and a 20 p a r t s  pe r  thousand, 10 OC r a i n  a rea ,  
is r e a l l y  observable,  t h e i r  technique would be most powerful, and should 
have many app l i ca t ions  i n  oceanography and meteorology. 
-t ,>dZ23G3 CCJ'OP Sffe;eiices,  2s CO..:::J;& to _ ' I ??  s : .  , - 
Their  
It would be of g r e a t  in -  
There may, however, have been cont r ibu t ing  circumstances here .  
The heavy r a i n s  of hurr icane Inez,  with which t h i s  r a i n f a l l  was connected, 
may have produced runoff  through storm sewers, which could be  t u r b i d  
water. Accompanying t h e  rain may be  o t h e r  su r face  effects such as a 
temporary des t ruc t ion  of t h e  na tu ra l ly  occuring t h i n  o i l  film, and also, 
a d i f f e rence  i n  s lope  d i s t r i b u t i o n  of t h e  sea su r face ,  because of t h e  
impinging r a i n  drops. 
tu rbulence  due t o  t h e  s t a b i l i z i n g  dens i ty  s t r a t i f i c a t i o n  i n  t h e  r a i n  
area, which may a l s o  affect t h e  su r face  p a t t e r n s .  The effect on t h e  
r e f l e c t i v e  p rope r t i e s  of t h e  sur face  due t o  these  p o s s i b i l i t i e s  has 
n o t  been assessed.  
There may remain a d i f fe rence  i n  t h e  subsurface 
3 .  A Proposal for Future Work. 
As a follow up of the r a i n  s tudy,  bu t  with a broader view, it is  
proposed t h a t  t h e  inves t iga t ion  of sea su r face  temperatures be contin- 
ued by employing satel l i te  radiometer d a t a  of t h e  highest  r e so lu t ion  
a v a i l a b l e .  
The effects on sea s u r f a c e  temperature of a passing hurr icane 
have been reported from observations a t  coastal s t a t i o n s  and a weather 
s h i p  (Hazelworth, 19681, and by radiometr ic  measurements from aircraft ,  
(McFadden, 1968). The temperature change is i n  t h e  order  of 3 OC, and 
it takes  10 - 13 days f o r  t h e  surface temperature t o  r e t u r n  t o  normal. 
This local anomaly i n  t h e  sea surface temperature should be observable 
i n  t h e  more accurate sa te l l i t e  data. It is caused by a combination of 
-15- 
advection, upwelling, evaporation and r a i n  cool ing,  and s e n s i b l e  and 
r a d i a t i v e  hea t  losses a t  t h e  surface. 
sea surface temperature could be r e l a t e d  t o  t h e  i n t e n s i t y  and hor izonta l  
extension of t h e  storm, t h e  s torm t r a c k ,  etc. 
By use of sa te l l i t e  d a t a  the  
It may be poss ib le  with theITOS HRIR (High Resolution In f r a red  
Radiometer), bu t  more l i k e l y  by the  W R R  ( ,Very  High Resolution Radiometer) 
descr ibed by Bandeen (19681, t o  observe t h e  effects on sea su r face  t e m -  
pe ra tu re  from t h e  occurence of a thunderstorm over an area such as 
t h e  Gulf of Elexico. 
i n  t h e  v i s ib le ,  such as t h e  v i s i b l e  channel of t h e  MRIR (Medium Reso- 
l u t i o n  In f r a red  Radiometer) c o l l e c t s ,  should be u6cd toaethclr with t h e  
in f r a red  r a d i a t i o n  da ta .  
should be synchronous and geographically a l igned ,  i n  order  t h a t  l o w  
clouds and fog can be separated from warm ocean areas. 
T .V. camera p i c t u r e s ,  o r  photometric measurements 
Preferably the  v i s i b l e  and in f r a red  da ta  
Since our  group is not large, and t h i s  p r o j e c t  would l a r g e l y  be 
t h e  e f f o r t  of one ind iv idua l ,  it is proposed t h a t  d e t a i l e d  s tudy be 
made of a f e w ,  w e l l  chosen cases only ,  but with as much sQpport ing in -  
formation as poss ib l e  on meteorological and oceanographic condi t ions.  
-16- 
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In f r a red  Emissivi tv  ExDerirnent 
The r e s u l t s  of measurements of a f e w  sands and soils as shown i n  
t h e  Third Annual Report of t h i s  con t r ac t  show a cons idcr ib le  decrease 
i n  8 - 14 micron average emiss iv i ty  a t  l a rge  viewing angles .  
values  are down 5 t o  7 p e r  cent  a t  a 60 degree angle  from t h e  normal 
t o  t h e  t a r g e t  surface. 
show t h e  same e f f e c t .  
is t r u l y  t h a t  s t rong  it was necessary t o  reconsider  poss ib l e  systematic  
errors. 
The 
Subsequent da ta  on s o l i d  and granulated minerals  
I n  order  t o  determine i f  t h e  angular  dependence 
An extensive check on t h e  uniformity of temperature across t h e  
specimen surface was c a r r i e d  out  by monitoring t h e  temperature a t  
var ious  po in t s  with t i n y  thermocouples. 
t h e  top  of t h e  t a r g e t  material and up through t h e  material, and i n  both 
cases no devia t ions  i n  temperature from t h e  value a t  t h e  c e n t e r  were 
found greater than 0.25OC. 
Lead w i r e s  were l a i d  across  
The f i e l d  of view (FOV) of PRT-5 Barnes In f r a red  Thermometer is 
adve r t i s ed  as being Y?* nominalf'. 
lowed for  twice t h a t  FOV, so t h a t  even at a viewing angle  of 60° t h e  
t a r g e t  surface exceeded t h e  viewable area. 
e s s a r y  t o  undertake a measurement of t he  FOV for s h o r t  ob jec t  d i s -  
t ances  t o  see i f  t h e  instrument was a c t u a l l y  "seeing" ou t s ide  t h e  
t a r g e t  area. 
The design of t h e  experiment al-  
But r e c e n t l y  it w a s  nec- 
The in f r a red  thermometer was set up t o  view normally through a 
hole i n  a blackened board t o  a p l a t e  painted black about 26 cm from 
t h e  ou te r  o p t i c a l  element. The c e n t e r  of t h e  area being viewed was 
determined by pos i t i on ing  a f l a t  c i r c u l a r  aluminum mir ror  about 1 .5  cm.  
i n  diameter on t h e  black p l a t e  u n t i l  a m a x i m u m  output  was acquired. 
Th i s  meant t h a t  i n f r a r e d  r ad ia t ion  from t h e  55OC d e t e c t o r  cav i ty  reflect- 
ing back ts i t s e l f  was a rilaximiiiii; 
on t h e  o p t i c a l  axis .  
thei*er'ore t h e  mir ro r  was cenrered 
A ho t  black bead connected by a polished copper w i r e  t o  a so lder -  
i ng  i r o n  was probed r a d i a l l y  inward j u s t  above t h e  background plane.  
I t  was v e r i f i e d  t h a t  t h e  image viewed by t h e  PRT-5 is  circular because 
p o i n t s  of equal  s i g n a l  enhancement for a constant background temperature 
. 
-19 - 
formed a circle. 
The hot  bead 4.0 mm i n  diameter was passed across t h e  f i e l d  of 
t h e  PRT-5 and t h e  pos i t i ons  noted using marks s ca l ed  off on t h e  black 
p l a t e .  Fig. 10 shows t h e  increase i n  radiance N versus t h e  d i s t ance  
from t h e  center divided by t h e  increase  f o r  t h e  bead a t  t h e  cen te r ,  
P = 0. The angle  a is zero a t  t h e  po in t  d i r e c t l y  under t h e  edge of  
t h e  ape r tu re ,  which is 0.50 cm.  i n  r a d i u s ,  and is equal  t o  ha l f  t h e  
FOV as defined by marketing firms. 
power poin t  is  a t  about = = 1 . 2 O  o r  an FOV of 2.4O, but  t h e  i n f r a r e d  
thermometer a c t u a l l y  views as f a r  out  as 8O on each s i d e  of cen te r .  
It can be seen t h a t  t h e  h a l f -  
I n  f i g .  11 t h e  r e l a t i v e  enhancement of radiance due t o  a r i n g  of 
width equal  t o  t h e  bead width and of mean r ad ius  p is p l o t t e d ,  
The values  of f i g .  10 were mul t ip l i ed  by t h e  r a t i o  of r i n g  area t o  
bead area, which is  4 p / a ,  where a is t h e  bead r ad ius .  A t  p = 0 ,  
however, t he  proper ra t io  is va /na  = 1. 2 2  
It can be  concluded t h a t  for viewing a f l a t  su r face  close t o  t h e  
PRT-5 t h e  r i n g  of maximum s i g n a l  is about 0.5 degrees ou t s ide  t h e  pro- 
j e c t i o n  of t h e  instrument% aper ture  and t h e  h a l f  power po in t s  i s  a t  
about 3.5 degrees.  A crude in t eg ra t ion  of t h e  curve f o r  f i g .  11 revea l s  
t h a t  h a l f  of t h e  r ad ian t  power h i t t i n g  t h e  d e t e c t o r  c e i i  comes from 
= g r e a t e r  than  1.9 degrees.  
If t h e  o p t i c a l  system of the  PRT-5 is similar t o  an e a r l i e r  model 
of Barnes instrument w e  have a t  t h e  Universi ty  of Washington, t h e  
PRT-4, 
posed thermis tor  bolometer separated by t h r e e  b a f f l e s  and a f i l t e r ,  a l l  
i n  a temperature con t ro l l ed  cavi ty .  
t h a t  t h i s  measurement of f i e l d  of view a t  s h o r t  ob jec t  d i s t ances  is 
probably not  appl icable  t o  large ob jec t  d i s t ances .  
l i k e  f i g .  10 and f i g .  11 would probably be d i f f e r e n t  for a d i s t a n t  
f i e l d .  
it c o n s i s t s  of a pos i t i ve  meniscus ob jec t ive  and a hyperim- 
The presence of  t h e  lenses  means 
The shape of  p l o t s  
A cor rec t ion  for t h i s  larger-than-expected f i e l d  of view can be 
made from t h e  r e s u l t s  of t h i s  measurement i n  analyzing t h e  e x i s t i n g  
emis s iv i ty  da ta .  
wi th  angular views of a r e l a t i v e l y  good blackbody i n  t h e  plane o f  t h e  
specimen surface. 
Future angular measurements w i l l  be taken concurrent ly  
-20- 
Because of space l imi t a t ion  i n s i d e  t h e  cold box t h e  i n s i d e  r e f e r -  
ence blackbody is a t h i n ,  f l a t ,  aluminum p l a t e  pa in ted  with Parson's 
Optical Black laquer .  The in f r a red  emiss iv i ty  o f  t h i s  p a i n t  was ad- 
v e r t i s e d  as .98 based on t h e  same value obtained by MacDowall (see 
annals  o f  I G Y  v. 5) of t h e  t o t a l  emiss iv i ty  for  Parson 's  Black a t  
25OC. 
substrate had an average specular  r e f l ec t ance ,  measured a t  a 30° anple  
of incidence,  less than 0.5% f o r  t h e  wave length range 2.5 - 4 . 0 ~ .  
o t h e r  very black p a i n t  according t o  t h i s  r e p o r t  was 3M Velvet Black 
Pa in t .  
Ramsey (1964) repor ted  t h a t  t h i s  pa in t  appl ied t o  an aluminum 
An- 
Conaway and Van Bavel (1966) obtained a value of .98 wi th in  1.5% 
for  Parson's Black sprayed over Parson's P r imer .  
research  group, based on emiss iv i ty  box measurements are .985 and .988. 
Values used by our 
I have measured the  emiss iv i ty  of Parson's Black pa in t  by the  
method used by Conaway and Van Bavel (1966, 1967). 
t u r e  of an aluminum p l a t e  painted with t h e  primer and o u t e r  coat ing was 
va r i ed  over a range of about 10°C centered on a value of 26.9OC, and 
t h e  v e r t i c a l  radiance was ca re fu l ly  recorded. The t a r g e t  was enclosed 
i n  t h e  in su la t ed ,  temperature cont ro l led  assembly i n s i d e  t h e  co ld  box, 
which was kep a t  spproximatekj -?O°C. 
i n t e r m i t t e n t l y  exposed t o  view by t h e  Barnes PRT-5 when i ts  tempera- 
t u r e  w a s  determined by thermocouples and known t o  be s teady  i n  time. 
The su r face  tempera- 
The Parsen's m i n t  surfwe was 
The temperature of t h e  enviornment of t h e  su r face  under s c r u t i n y  
w a s  kept cons tan t ,  so t h a t  any change i n  t h e  radiance as seen by 
t h e  in f r a red  thermometer was due t o  t h e  term - B ( T ) ,  where F is t h e  
emis s iv i ty  averaged over wave length and temperature and B(T) is  t h e  
blackbody radiance i n t e g r a t e d  over t h e  f i l t e r  response of t h e  i n f r a r e d  
thermometer. 
f e c t i v e  blackbody radiance M fo r  t h e  temperatures given by t h e  I R  
thermometer ( c a r e f u l l y  c a l i b r a t e d  with a blackbody cav i ty  of high qua l i -  
t y )  versus  t h e  e f f e c t i v e  blackbody radiance for t h e  temperatures given 
by t h e  thermocouples. 
fo r  E was .982"!Y .008. 
The averape emiss iv i ty  is  then a s lope  of t h e  D l o t  of ef- 
The r e s u l t s  are shown i n  f i g .  1 2  and t h e  value 
Two copper-constantan thermocouples w e r e  mounted on t h e  painted 
su r face ,  having Teflon insu la ted  wires painted with Parson's p a i n t .  
-21- 
One was s i t u a t e d  near  t h e  center and one near  t h e  edge t o  check f o r  
la teral  nonuniformity i n  temperature. 
couple,  0.025 mm. i n  t h i ckness ,  w a s  mounted wi th in  0.1 mm. of t h e  sur- 
face with its t i p  apparent ly  touching t h e  p a i n t .  
The c e n t r a l l y  loca t ed  thermo- 
A 1 mm. diameter ho le  w a s  d r i l l e d  from t h e  c e n t e r  of t h e  unpainted 
s i d e  of t h e  aluminum p l a t e  almost through t o  t h e  o t h e r  s i d e ,  l eav ing  a 
microscopic opening i n  t h e  painted su r face .  A thermocouple bead about 
0.025 cm i n  s i ze  was then threaded i n t o  t h e  hole  and f i t t e d  i n t o  t h e  
h o l e ' s  con ica l  t i p .  
primer. The sur face  t o  be  measured was then  given a f r e s h  coat of t h e  
Op t i ca l  Black laquer .  This left t h e  lower thermocouple i n  good thermal 
contac t  with the p a i n t  and w i t h  t h e  topmost l a y e r  of t h e  aluminum 
s u b s t r a t e .  
The bead had been previous ly  coated with Parson's 
When t h e  upper and lower thermocouples w e r e  a t  t h e  same tempera- 
t u r e ,  v e r t i c a l  g rad ien t s  i n  t h e  p a i n t  were el iminated and measurements 
were taken.  
Due t o  t h e  shortage of supply of Parson 's  p a i n t ,  I was forced t o  
apply  it by f i n e ,  sof t  brush r a the r  than  by spraying. 
have yielded lower values of  E, but  t h e  high value can be obtained by 
brushing i f  t h e  p a i n t  is adequately s t i r r e d  or shaken. 
Some coa t ings  
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